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Abstract
Long-range non-collinear all-in/all-out magnetic order has been directly observed for the first
time in real space in the pyrochlore Cd2Os2O7 using resonant magnetic microdiffraction at the
Os L3 edge. Two different antiferromagnetic domains related by time-reversal symmetry could be
distinguished and have been mapped within the same single crystal. The two types of domains are
akin to magnetic twins and were expected – yet unobserved so far – in the all-in/all-out model.
Even though the magnetic domains are antiferromagnetic, we show that their distribution can be
controlled using a magnetic field-cooling procedure.
PACS numbers: 75.25.-j, 75.60.Ch, 75.50.Ee, 78.70.Ck
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The pyrochlore lattice is a three-dimensional network of tetrahedra joined by their ver-
tices and it has proven to be a rich host for new physics. For example, magnetic monopoles
and Dirac strings have recently been reported in the so-called spin-ice configuration [1, 2],
i.e. when two of the four magnetic moments sitting at the vertices point toward the center
of each tetrahedron while the other two moments point away from it (2-in/2-out) [3, 4].
When all the four magnetic moments point simultaneously either toward the center of the
tetrahedron or away from it, i.e. in the so-called all-in/all-out (AIAO) order, the frustra-
tion is lifted and only two magnetic configurations exist in the ground state: all-in/all-out
and all-out/all-in. These two configurations are not equivalent and are related by time-
reversal symmetry, as illustrated in Fig.1(a,b). The AIAO order is particularly interesting
in many respects in 5d transition metal oxides pyrochlores: the combination of the time-
reversal symmetry breaking with strong spin-orbit coupling (due to the heavy magnetic el-
ement) and electron-electron correlations (evidenced by a metal-insulator transition) would
be key ingredients to observe the predicted Weyl semimetal state [5]. Furthermore, the
two time-reversal symmetric configurations can be seen as twins in a zinc-blende crystal
of magnetic monopoles, or as differently oriented realisations of face-centered crystals of
elementary magnetic skyrmions (Fig.1(c)) [6]. Finally, the AIAO order is equivalent to a
Moessner pseudo-ferromagnet [7] and each configuration can be described in term of pseudo-
orientation (all-in/all-out and all-out/all-in being opposite pseudo-orientations). Domains
with opposite pseudo-orientations are expected to display time-reversal odd magnetic prop-
erties, such as opposite parabolic magnetisation curves, or opposite linear magnetostriction,
magnetocapacitance, and piezomagnetic effect [8]. Probing the magnetic state-dependent
physical properties would therefore be highly desirable. However, in order to do so one
would need (i) to be able to match such measurements with those of the local magnetic
order (i.e. to be able to locally distinguish all-in/all-out from all-out/all-in) and (ii) to be
able to control the local magnetic order.
We propose here to use polarised resonant X-ray microdiffraction to distinguish between
the two possible realisations of the AIAO order (all-in/all-out and all-out/all-in), i.e. to
measure experimentally the local pseudo-orientation. As a demonstration, we imaged simul-
taneously the two types of magnetic domains in Cd2Os2O7 single crystals and report on a
way to control their distribution. The pyrochlore Cd2Os2O7 is highly suited to investigate
the properties of the AIAO order since the magnetic transition temperature is relatively high
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Figure 1. (color online). (a) All-in/all-out and (b) all-out/all-in magnetic order on the pyrochlore
lattice, both configurations are time-reversal symmetric of each other. All Os spins are located at
the vertices of the tetrahedra and point either towards the center of the blue (dark grey) tetrahedra
or away from the center of the red (light grey) tetrahedra, as shown in the magnified region. (c)
Equivalent zinc-blende lattice.
(TN = 225 K). This temperature also correspond to a continuous metal-insulator transition
(MIT) [9]. The exact nature of the MIT and the closely related magnetic order of the low
temperature insulating phase have recently been the focus of much interest [10–17]. Using
symmetry considerations and resonant X-ray diffraction, Yamaura et al. recently showed
that the spins on the 5d3 Os5+ ions order according to the AIAO rule in the low temperature
phase [18] and this picture was further supported by various ab initio calculations [19, 20].
Since X-ray diffraction can be site, element and electronic transition specific, it usually
allows to determine the local absolute structural chirality [21–23], local magnetic order
[24–26] or local magnetic chirality [27], while circumventing the technical limitations of
neutron scattering (non-local probe and limited by strong absorbers like Cd) or Lorentz
transmission electron microscopy (requiring ultra-thin slabs). In order to distinguish the all-
in/all-out magnetic order from the all-out/all-in magnetic order, we made use of interference
between the resonant magnetic and resonant non-magnetic terms of the structure factor. The
resonant part of the structure factor of the space group-forbidden 0 0 4n+ 2 reflections can
be written expliciting its polarisation-dependence as a sum of two 2×2 matrices between the
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conventional (σ, pi) and (σ′, pi′) bases:
F (0 0 4n+2) = FATS
∣∣∣∣∣∣∣
sin 2ψ sin θ cos 2ψ
− sin θ cos 2ψ sin2 θ sin 2ψ
∣∣∣∣∣∣∣
+Fm
∣∣∣∣∣∣∣
0 ı sin θ
ı sin θ 0
∣∣∣∣∣∣∣ , (1)
where FATS represent the non-magnetic term, related to the anisotropic tensor susceptibility
(ATS) [28], Fm is the magnetic term, related to the magnetic order [29], θ is the Bragg angle
and ψ is the azimuth angle, defined as the angle around the scattering vector such that
ψ = 0 when [100] is parallel to ki + kf , where ki and kf are the incident and diffracted wave
vector, respectively. As previously noted by Yamaura et al. [18], in the special experimental
condition where ψ = 45◦, the scattering plane is parallel to the (11¯0) plane (i.e. the mirror
plane broken by the AIAO order) and the off-diagonal components of the ATS vanish. In this
condition, the intensity I± scattered from an incoming beam with the elliptical polarisation
ε+ = (σ+0 , pi
+
0 ) or ε
− = (σ−0 , pi
−
0 ) is respectively proportional to
I± ∝
∥∥∥σ±0 FATS + ıpi±0 sin θFm∥∥∥2
+
∥∥∥ıσ±0 sin θFm + pi±0 sin2 θFATS∥∥∥2 . (2)
We define the flipping ratio (FR) as the contrast in diffraction of an X-ray beam for two
opposite handedness:
FR =
I+ − I−
I+ + I−
. (3)
In the particular case of circular polarised light (right-handed and left-handed), the po-
larisation is conventionally described by (σ+0 , pi
+
0 ) = (1,−ı), (σ−0 , pi−0 ) = (1, ı) respectively.
Accordingly the FR is explicitly given by
FR =
2r cosφ sin θ
(
1− sin2 θ
)
r2
(
1 + sin4 θ
)
+ 2 sin2 θ
(4)
where r = |FATS| / |Fm| and φ is the phase difference between FATS and Fm. Let us now
look closely at the resonant terms: we note that the magnetic structure factor Fm(Q) is pro-
portional to M(Q), the Q Fourier component of the Fourier transform of the magnetisation
m(r) (see Supplemental Material). At Q = 0 0 4n+2, the sign of M(Q) is opposite in AIAO
and AOAI domains. On the contrary, FATS(Q) is only dependent on the local anisotropy
4
which is the same for both AIAO and AOAI domains, therefore its sign is constant. As a
result, φ takes the values of 0 or pi, i.e. the sign of the FR is opposite in opposite types of
domains :
FRAIAO = −FRAOAI . (5)
The FR can be calculated from successive measurements of the diffracted intensity of right-
handed and left-handed circular polarised X-ray and used to distinguish the local magnetic
pseudo-orientation.
We performed the FR measurements in high quality Cd2Os2O7 single crystals, as de-
scribed in Ref. [18]. The measurements were performed at the Os L3 absorption edges
(10.871 keV) and carried out on a magnetic diffraction setup (high resolution in reciprocal
space) and on a microdiffraction setup (high resolution in real space), respectively in exper-
imental hutch 1 and 4 of beamline BL19LXU at the SPring-8 synchrotron radiation source
[30, 31].
After cooling the sample in a magnetic field along a 〈111〉 direction through the ordering
temperature down to 10 K, the resonant magnetic X-ray diffraction was measured on the
magnetic diffraction setup at space group-forbidden 0 0 10 and 0 0 6 reflections for an
incident X-ray beam with either left-handed circular polarisation or right-handed circular
polarisation, as shown in Fig. 2. After correction from the incident intensity, a large
difference was observed, amounting to a FR of about 22%. The sign of the FR was the same
for both the 0 0 10 and the 0 0 6 reflections, which is consistent with the observation of
either a single all-in/all-out (or all-out/all-in) domain or a strongly unbalanced population
of all-in/all-out and all-out/all-in domains.
The local pseudo-orientation of the AIAO and AOAI domains was investigated with
sub-micron resolution on the X-ray microdiffraction setup. The typical results of a mapping
experiment with a probe size of 500×500 nm2 at the 0 0 10 magnetic reflection and T= 100 K
are shown in Fig. 3(a). The measurement goes over the center (001) facet and the adjacent
{111} facets of the Cd2Os2O7 crystal. In order to be able to compare the magnetic domain
maps on different facets of the sample, we corrected the measured maps assuming a slightly
misaligned ideal crystal, outlined in Fig. 3(a). In Fig. 3(a–c), one can see that in that
configuration the center (001) facet is a single domain with negative FR, while several
magnetic domains and domain walls (DW) can be observed on the top and bottom {111}
5
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Figure 2. (color online). Profiles of the forbidden 0 0 10 reflection at the Os L3 edge (10.871
keV) and at 10 K in the case of left-handed (LHCP) and right-handed (RHCP) circular polarised
incident beam. The inset shows the same measurement at the 0 0 6 reflection.
facets along high symmetry orientations. Both top and bottom {111} facets show a stripe-
like structure with a typical size in the range of a few tens of micrometers (Fig. 3(b–c)).
Some preferential orientations of the intersections of the DW with the facets are observed,
e.g. [011], [211¯], [110], [11¯2¯], [121] and [101¯] on the top (11¯1) facet and [121¯], [011], [211]
and [11¯2] on the bottom (1¯11) facet. Some orientations ([011], [211¯]) are correlated with
the distribution of the average intensity, as can be seen by comparing Figs. 3(b) and 3(d).
This indicates that in those cases the local magnetic domain structure is probably pinned
by crystal defects. The other DW seem to occur at places where the crystal quality is
homogeneous, as seen in Figs. 3(c) and 3(e), and further illustrated in Fig. 3(f) where a
linescan across the bottom facet shows the alternation of positive and negative FR domains
while the average intensity remains constant. We note that only two groups of equivalent DW
planes could explain all the orientations of the intersections with the top and bottom facets
simultaneously: the “113” group ({(113), (113¯), (11¯3), (1¯13)} and circular hkl permutations)
and the “011” group ({(011), (011¯)} and circular hkl permutations). The frustation is lower
in the 113 group than in the 011 group since there are respectively 1 and 4 frustated moment
per unit cell at the DW position. As a result we would expect the 113 group to be more
energetically favorable. However, only the 011 group can account for the [100] orientation
observed in Fig. 4(c), which makes it a more likely candidate for the DW orientation.
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This may indicate that some magnetic order arise within the frustrated magnetic domain
interface.
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Figure 3. (color online). (a) FR map at the 0 0 10 reflection, as measured experimentally
by rastering the sample in a plane perpendicular to the scattering vector. The ideal crystal is
outlined and the orientation of the facets is shown. Opposite signs of the FR indicate opposite
pseudo-orientations of the magnetic domains (AIAO vs AOAI). (b,c) FR maps and (d,e) normalised
intensity on the top (11¯1) and bottom (1¯11) facets after correction of the projection, respectively.
The intensity is normalised to the average value on each facet to outline the deviation from the
average structure. All scale bars are 100 µm across. (f) Line scan across the bottom (1¯11) facet,
indicated by the AB dashed line in (c,e), for both right- and left-handed circular polarisation and
their average.
In order to assess in more details the domain reversal observed previously, we performed
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the same mapping experiment after cooling the sample in a magnetic field. The magnetic
domain distribution for different field-cooling configuration are displayed in Fig. 4(b–e)
while the outline of the corresponding ideal crystal is shown in Fig. 4(a). In all cases the
field was oriented along the ±[1¯1¯1] direction in the diffraction plane. One can see that for
each pair of configuration, reversing the orientation of the magnetic field applied during
cooling results in a reversal of the magnetic domain distribution. In the case of the single
magnet (Fig. 4(b–c)), there exist a DW across the center of the (001) facet, oriented along
the [100] direction. Upon reversed magnetic field cooling, the domain distribution is reversed
over most of the imaged area and the interface retains the same position while the upper
right part of the image still remains with the same orientation. The possible origin of this
asymmetry is the low reproducibility, homogeneity and/or magnetic field strength of the
single magnet cooling procedure and the pinning of the DW by some crystalline defects.
On the opposite, using a two–magnet configuration yields a different domain distribution
with single domains of opposite orientation over the (001) facet and the top (11¯1) and
bottom (1¯11) facets respectively. Moreover, reversing the more homogeneous cooling field
symmetrically reverses the domain distribution over all the imaged area (Fig. 4(d–e)),
demonstrating the reversability of the procedure.
The possible origins of the magnetic-field control of the AIAO and AOAI domains lie in
the domain-dependent magnetic properties described by Arima [8]. To the first order, any
small strain that could be induced during the cooling independently of the applied magnetic
field (for example due to the thermal expansion mismatch with the sample holder) will
lowers the free energy of one of the two pseudo-orientations with respect to the other, in a
given orientation of the applied magnetic field. Reversing the magnetic field during cooling
will in turn favor the opposite pseudo-orientation. To the second order, the magnetisation
possess a non-linear (parabolic) component, the sign of which is dependent on the pseudo-
orientation, i.e. opposite pseudo-orientations will be favored in opposite applied magnetic
field. Furthermore, we also suggest that {111} surfaces may play a role. On such surfaces, the
absence of the fourth Os ion in the tetrahedra results in uncompensated magnetic moments
and one can expect a ferromagnetic order of the net magnetic moments on a perfect {111}
surface, perpendicular to the surface. It is possible that these uncompensated moments
couple to the cooling field and set the orientation of the underlying all-in/all-out magnetic
order during the cooldown. As a result, the ability to control the pseudo-orientation paves
8
(a) (b) (c) (d) (e)
−30
−20
−10
0
10
20
30
Fl
ip
pi
ng
 ra
tio
 (%
)
Figure 4. (color online). (a) Sketch of the sample view in the geometry used, the central rectangle
is the (001) facet. The scale bar is 25 µm across. (b–e) Maps of the flipping ratio across the
sample at the 0 0 10 reflection at 100K for different field cooling conditions, as sketched in the
lower panels. The North pole of the cylindrical permanent magnets is indicated in red (light grey),
the magnetic field at the surface of the magnets is 0.4 T. The surface of the magnet is also parallel
to the (1¯1¯1) facet, indicated in light grey in the sketch.
the way for the study of the magnetic domain-dependent properties, e.g. in the case of
(111)-oriented thin films.
In summary, we observed the long-range all-in/all-out magnetic order in the insulat-
ing phase of the pyrochlore Cd2Os2O7 using polarised resonant magnetic X-ray diffraction.
In particular, all-in/all-out magnetic domains could be distinguished from all-out/all-in do-
mains according to the sign of the flipping ratio of left- and right-handed circularly polarised
X-ray diffraction. Both types of domains were shown to co-exist in single crystals, with sizes
in the range of a few tens of microns. Additionally, the pseudo-orientation of the domains
could be easily controlled by a simple magnetic field cooling procedure, consistently with
theoretical predictions in the AIAO model. The experimental techniques to image and con-
trol the local all-in/all-out order that we describe here are not limited to the particular
Cd2Os2O7 compound, but may be further be applied to any all-in/all-out-type pyrochlores.
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I. POLARIZATION DEPENDENCE OF THE FLIPPING RATIO
The typical polarization of an X-ray beam produced by an undulator at a synchrotron
facility is linear horizontal. In order to tune the incident polarization state, one can use
a crystal in the Laue diffraction condition (i.e. an X-ray crystal phase retarder, or XPR)
and take advantage of dynamical diffraction effects.S1 Since the incident polarization is
horizontal, the scattering plane of the XPR is rotated by 45 degree to allow equivalent
diffraction in the σc and pic channels, a necessary condition to achieve circular polarized
light as illustrated in figure S1.
The XPR introduces a phase difference δ between the σc and pic components of the
downstream polarization of the beam (fig. S1):
pic = σce
−ıδ, (S1)
such that when δ = pi/2 or δ = −pi/2 the transmitted beam is right- or left-handed circularly
Initial linear 
horizontal 
polarization 
plane 
π0 
σ0 
σC 
πC 
45° 
XPR scattering 
plane 
Sample 
scattering plane 
Incident wavevector 
Figure S1. Orientation of the polarization. Sketch of the orientation of the polarization for the
magnetic diffraction setup. The initial incident beam from the undulator is linearly polarized in
the horizontal plane. The crystal phase retarder introduces a phase difference between the σc and
pic components. The incident polarization on the sample, after the crystal phase retarder, is more
easily described in the basis (σ0, pi0).
2
polarized, respectively. The phase difference is proportional to the inverse of the offset angle
∆θXPR from the Bragg angle:
δ = A/∆θXPR, (S2)
where A is a parameter depending on the Bragg angle of the reflection in the XPR , the
corresponding crystal structure factor and the incident wavelength.S1 Since the offset for
right-handed circular polarized light ∆θRHCP can be experimentally measured, i.e. when
δ = pi/2 one can rewrite
δ =
pi
2
∆θRHCP
∆θXPR
. (S3)
The polarization state downstream of the XPR is better described in the (σ0, pi0) basis, such
that:
pi0 =
pic − σc√
2
=
e−ıδ + 1√
2
σc, (S4)
σ0 =
pic + σc√
2
=
e−ıδ − 1√
2
σc. (S5)
Substituting in equation ?? in the Letter gives an analytical expression of the FR
FR(∆θXPR) = ±
cosφ sin(pi
2
∆θRHCP
∆θXPR
) sin θ
(
1− sin2 θ
)
r
r2
(
cos2(pi
4
∆θRHCP
∆θXPR
) + sin4 θ sin2(pi
4
∆θRHCP
∆θXPR
)
)
+ sin2 θ
, (S6)
where the only unknown parameters are the amplitude ratio r = ‖Fm‖ / ‖FATS‖ and the
phase difference φ between Fm and FATS. Note that FR(∆θXPR) is obtained from a mea-
surement of the diffraction with the XPR at +∆θXPR and −∆θXPR : due to the shape of the
phase retarder crystal, the more precise absolute values of the offset angle for left-handed
and right-handed circular polarization actually differ in the simulation of PC by 1.4× 10−4
degree, which is lower than our experimental resolution (2× 10−4 degree). It is worth men-
tioning however that small experimental misalignements can increase the difference between
the absolute values of the negative and positive ∆θXPR. When mapping the flipping ratio
over the sample, we used the calibrated values for circular polarization, such that the dif-
ference between |+∆θXPR| and |−∆θXPR| was between 0 and 4 × 10−4 degree. A typical
calibration curve is shown in figure S2.
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Figure S2. Calibration of the X-ray polarization. (a), Experimental intensity of the σ0 and pi0
components of the incident beam, as measured using a pyrolytic graphite analyzer crystal, as well
as the total intensity transmitted through the XPR. The fit is a simple two parameters equation,
where the parameters are the relative weight of each channel, i.e. 0.997 and 1.003 for σ0 and pi0,
respectively. The small deviation from 1 may be due to a small leaking of the cross polarization
component during the polarization analysis, e.g. due to the 2θ angle of the analyzer crystal being
different from 90◦. (b), Experimentally measured degree of linear polarization PL, defined as
PL =
Iσ0−Ipi0
Iσ0+Ipi0
, as well as the simulated PL and corresponding degree of circular polarization PC.
II. RESONANT MAGNETIC DIFFRACTION FROM AN ALL-IN/ALL-OUT AN-
TIFERROMAGNET
The pyrochlore lattice of cadmium osmate belongs to the space group Fd3¯m, where
reflections (hkl) are forbidden when h, k, l are of mixed parity or when h + k + l is not
divisible by 4. In particular, (0kl) reflections are forbidden when k + l is not divisible by 4.
Using the origin choice 2 in the International Tables of Crystallography, the osmium atoms
are described by the 16c Wyckoff sites di = (0, 0, 0)+t, (
3
4
, 1
4
, 1
2
)+t, (1
4
, 1
2
, 3
4
)+t, (1
2
, 3
4
, 1
4
)+t,
where t ∈ {(0, 0, 0), (0, 1
2
, 1
2
), (1
2
, 0, 1
2
), (1
2
, 1
2
, 0)}.
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Since the all-in/all-out magnetic structure shares the same lattice as the underlying py-
rochlore crystal (q = 0 type), it also shares the same reciprocal lattice, i.e. the magnetic
diffraction can only occur at integer values of (h, k, l). For the sake of simplicity, we neglect
the corresponding Kronecker δ function in the following and restrict ourselves to the crystal
unit cell.
The resonant scattering term that we are interested in is the one that is linear with the
local magnetic moment m, the sign of which is opposite for the AIAO and AOAI domains.
It is expressed asS2
fi,circ = −ı
(
3λ
8pi2
)
(ε′ × ε) ·mi
[
F 1−1 − F 1+1
]
i
(S7)
, where λ is the wavelength of the incident x-ray beam, ε′ and ε are the polarization vectors
of the scattered and incident beam respectively, mi is the unitary magnetic moment on the
considered atom i and FLM are the resonant oscillator strength with L = 1 and M ∈ {−1,+1}
in the dipole approximation. As a result, the scattered amplitude is proportional to the
scalar product of the cross-polarization term (ε′ × ε) and the Fourier transform M(Q) of
the distribution of the magnetic moments m.
Let us first evaluate M(Q):
M(Q) =
∑
i
eı2piQ·dimi, (S8)
where di is the position of atom i. We note that the magnetic moment direction distribution
in a cubic all-in/all-out antiferromagnet can be described in the reduced basis (aˆ1, aˆ2, aˆ3) of
the unit cell as
mi,AIAO =
|m|√
3
∑
j=1,2,3
cos (4piri,j) aˆj, (S9)
where ri,j = di · aˆj. Conversely, the magnetic moment direction distribution in the opposite
domain (i.e. all-out/all-in) is simply described by the opposite orientation of the magnetic
moments:
mi,AOAI = −mi,AIAO. (S10)
We can now rewrite equation S8 for the all-in/all-out domain as
M(Q) =
|m|
2
√
3
∑
j=1,2,3
∑
i
(
eı2pi(Q+2ri,j) + e−ı2pi(Q+2ri,j)
)
aˆj. (S11)
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Specifically, for a reflection h, k, l = 4n, 4n, 4n+ 2,
MAIAO(h = 4n, k = 4n, l = 4n+ 2)) =
16 |m|
2
√
3
aˆ3. (S12)
The sign of MAOAI(Q) is the opposite for all-out/all-in domains.
One can note that the amplitude of the Fourier transform of the magnetic moment orien-
tation distribution is the same, even when the reflection is space-group forbidden. We can
therefore choose the particular reflections (0 0 4n+2). In this case M(Q) and the scattering
vector Q are parallel to aˆ3 (i.e. the c axis) and it corresponds to the situation of specular
reflection from the (0 0 1) facet. Such a situation is beneficial for the microscopy setup
installed at BL19-LXU since the sample stage is moved parallel to the diffracting planes, i.e.
there is no geometric distortion in imaging the (0 0 1) facet. Furthermore, the facet edges
provides reliable landmarks to compare pictures acquired at different times.
We know turn to the cross-polarization term (ε′ × ε). The diffraction geometry is
sketched in figure S3. The cross-polarization term can be written as a tensor linking the
incoming polarization state ε = (σ,pi) and the outgoing polarization state ε′ = (σ′,pi′).
(ε′ × ε) =

σ pi
σ′ 0 − sin θx + cos θy
pi′ − sin θx− cos θy sin 2θz
 (S13)
Since M(Q), c and x are parallel, considering equations S7, S12 and S13, the magnetic
diffraction component for the all-in/all-out domain can be written as
∑
i
eı2piQ·difi,circ = −ı
(
3λ
8pi2
)
MAIAO(Q) · x
 0 − sin θ
− sin θ 0
⊗ FT [F 1−1 − F 1+1](S14)
= Fm
 0 ı sin θ
ı sin θ 0
 , (S15)
where the sign of the magnetic structure factor Fm is opposite for AIAO and AOAI domain.
III. MAGNETIC DOMAIN WALLS ORIENTATIONS
In order to determine the orientation of the domain walls, we assigned the orientations of
the intersections of the domain walls with the different facets to high symmetry directions,
as shown in figure S4. As stated in the Letter, the only planes that can result in such
6
x y 
z 
𝑲𝒊 
𝑸 
𝑲𝒇 
𝛔’ 
𝝅’ 
𝛔 
𝝅 
𝜃 
𝜃 
Figure S3. Diffraction geometry at the microdiffraction setup. The (0 0 1) facet lies in the
(y, z) plane. Ki and Kf are the incident and diffracted wave vectors, with incident and diffracted
polarized states ε = (σ,pi) and ε′ = (σ′,pi′) respectively. The scattering vector Q is along x.
Note that the scattering plane in this figure is rotated 90◦ compared to figure S1.
intersections simultaneously on both facets are the “113” group ({(113), (113¯), (11¯3), (1¯13)}
and circular hkl permutations) and the “011” group ({(011), (011¯)} and circular hkl per-
mutations). The (001) facet shows an additional two possible orientations of the domain
wall intersection, as seen in figure ??(b,c) in the Letter. The low datapoint count prevents
a precise orientation determination on this facet. However one of the orientations may be
[1¯10], which can come from either the 113 or the 011 group. The other orientation was more
precisely measured (not shown here) to be [100], which is only possible for the 011 group.
Both 113 and 011 types of domain walls are sketched in figure S5. The presence of the
domain wall results in frustrated spins at the interface of the magnetic domains. There are
respectively one and four frustrated spins per unit cell at the interface for 113-type and
011-type domain walls. One can therefore expect the properties of each type of interface to
be quite different: in the 113 case the frustrated spins are independent while in the 011 case
they are connected, which suggest the possibility of long-range ordering within the interface.
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Figure S4. FR maps on (a) the top (11¯1) and (b) the bottom (1¯11) facets after correction of the
projection and possible orientations of the intersections of the domain walls and the facets.
Figure S5. (a) 113-type and (b) 011-type domain walls. Blue and red polygons are the all-in and
all-out tetrahedra, respectively. White arrows indicate the magnetic moments in each all-in/all-out
and all-out/all-in domains. Green polygons represent the tetrahedra at the domain interface, which
are neither all-in nor all-out. Orange double arrows indicate the frustrated magnetic moments at
the interface.
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